6.1 Unique Aspectsof Ship Structures

Ship structures are unigue in many ways.

C

First, ships can be gargantuan in their proportions. A Nimitz class aircraft carrier
displaces about 97,000 LT, and isroughly 1115 ft by 252 ft.

The loads these structures are subjected to are dynamic and random, ranging from
equipment vibrations and wave impact to differencesin temperature over time or
from compartment to compartment. Cargo weight and distribution also play a
significant role in the structural requirements and response of a ship.

The outer skin and supporting structure are multi-purpose. They not only keep the
water out, but also subdivide the interior, act as a cargo carriage, and enhance

ety

Unlike a building, a ship structure is a complicated three dimensional shape. The
shape is determined more by resistance, powering, and internal arrangement
considerations than by the desire to optimize the structure's shape for load carrying

capability.

Furthermore, ship structures are designed in the face of uncertainty in both demand
and capability. The environment in which the ship will operate and the actual
operational profile the ship will follow are unknown when the ship is designed and
built. The precise material properties over time, the quality of workmanship during
construction and maintenance, the shortcomings of analytical models, and the
somewhat random nature of some failure modes (fatigue, corrosion) present the
designer additional dilemmas.

Naval ships operate in acombat environment. They must be able to resist
underwater explosions, gunfire, blasts and projectiles. The shock produced by a
ship's own weapons (16 inch guns, rockets) and nuclear air blast loading factor into
the design aswell.

In the face of al these requirements, considerations and uncertainties, a ship
structure must also be light, not take up space needed for other things, and cost as
little as possible.



6.2 Ship Structural Loads

6.2.1 Distributed Forces

So far in this course we have considered the 2 principle forces associated with weight and
buoyancy of aship to be the resultant forces of Displacement (Ag) and the Buoyant Force (Fg).
These forces pass through the 2 centroids of the center of gravity (G) and center of buoyancy (B)
respectively. Provided Ag and Fg are equal in magnitude and the centroids G and B are vertically
inline, the vessel is said to be in a state of static equilibrium. Figure 6.1 shows this situation.
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Figure 6.1 - Floating Body in Static Equilibrium

In fact, this representation is a convenient approximation to the true situation on a ship. Asand Fg
are the resultant forces associated with 2 distributed forces along the length of a ship.
6.2.1.1 Distributed Buoyancy

In structural analysis, it is convenient to consider the buoyant force (Fg) as a distributed force.
Thisis often displayed diagrammatically asin Figure 6.2.
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Figure 6.2 - Box Shaped Barge with Distributed Buoyant Force Fig
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ure 6.2 represents a uniformly distributed buoyant force. This type of distribution is very rare and
would be associated with a box-shaped barge floating at level trim.

NB: Despiteitsrarity, this simple distribution pattern will be used in this course to represent
the distributed buoyant force.

Itisafairly straightforward calculation to determine the overall buoyant force represented at
Figure 6.2. The figure shows aforce of 2 LT/ft over a50 ft long barge. Hence:

F" 2% . 50ft * 100LT

6.2.1.2 Distributed Weight

In asimilar manner to the buoyant force, the weight of avessel is more accurately represented as a
distributed force along its length. For example, the box shaped barge described at Figure 6.2 could
also have a uniformly distributed weight down its length. It is evident that to place the bargein
static equilibrium, the magnitude of this force would have to match the magnitude of the distributed
buoyant force. Figure 6.3 displays this situation.
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Figure 6.3 - Box Shaped Barge with Distributed Buoyant Force and Displacement

Calculations similar to that for the buoyant force can be performed to reveal the magnitude of the
resultant Displacement (Ag)

A * 250 5ot * 100LT
S ft



In practice, the weight of avessdl is not uniformly distributed. Elements of a ship such as engines,
cargo and superstructure often provide an uneven distribution of weight along a vessels length.
For example, the box shaped barge carrying cargo in its center holds could have a distribution as

described at Figure 6.4.
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Figure 6.4 - Redlistic Weight/Displacement Distribution
As before, the resultant displacement (Ag) can be calculated.
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To achieve static equilibrium, the magnitude of the buoyant force Fz would have to equal this
displacement. Consequently, the overall distributions of both displacement and buoyancy for the

box shaped barge would be as depicted in Figure 6.5.
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Figure 6.5 - Overall Buoyancy and Displacement Distributions
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6.2.2 Shear Stress

An analysis of the distributed forces on the box shaped barge at Figure 6.5 soon reveals the
presence of significant shear stressat pointsP, Q, R, and S. Thisis easly acquired by summing the
forces vertically at each point down the vessel to produce the overall force distribution as
described at Figure 6.6. Thisis often referred to as the load diagram.
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Figure 6.6 - The Load Diagram

Figure 6.6 clearly represents the shear planes being generated within the hull of the barge at these
points.

6.2.2.1 Reducing Shear Stress

The effects described above could be minimized in 2 ways.

! The shape of the underwater hull of the barge could be atered so that its buoyancy
distribution matched that of the weight distribution. There are 2 problems with this:

a The step like shape would be very inefficient with regard to the resistance
or drag force associated with the hull.

b. For avessal such as the barge, the weight distribution will change every
time aloading or unloading operation is performed.

1 The hull’ s strength could be concentrated in areas known to be subjected to large
shear forces.

Thislast method is obviously more feasible. An analysis as described above can easily identify
areas of a ship where shear forces will be generated. Using higher strength materials or increasing
the cross sectional area of the ship structure at these points will reduce the possibility of the
structure failing due to shear.



6.2.3 Longitudinal Bending Stress

A further analysis of the load diagram at Figure 6.6 quickly reveas the presence of a bending
moment being applied to the vessal. Figure 6.7 repeats the load diagram and shows this bending

effect.
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Figure 6.7 - Load Diagram Showing Longitudinal Bending

The greater concentration of buoyancy at the bow and stern, and the concentration of weight at the
center has an overdll effect attempting to bend the barge in the middie.

6.2.3.1 Sagging

The force distribution at Figure 6.7 is making the barge appear to “sag” in the middle,
consequently this bending condition is referred to as “sagging”. This condition is analogousto
resting aruler between 2 surfaces and pressing down on its middle.

Itisfairly evident, that the “sagging” longitudinal bending condition is creating significant stresses
in the structure termed bending stresses. The bending direction is stretching the lower portion of
the structure, hence tensile stresses are being created in the keel region. Conversely, the weather
deck is being placed in compression because the bending direction istrying to shorten this part of
the structure.

6.2.3.2 Hogging

A reversal of the overall weight distribution at Figure 6.7 would result in the opposite bending
condition being created. Thisis called “hogging”. In this condition the overall weight is greatest
near the bow and stern, with buoyancy being larger near midships. This has the effect of bending
the structure in the other direction, placing the keel in compression and the deck in tension.

Y ou may wish to use the analogy of carrying a pig over your shoulder to remember the term
“hogging”!

6.2.3.3 Wave Effects



In addition to the till water effects described so far, the presence of waves can further increase
the magnitude of bending stresses being created in a ship structure.

For example, if aship is subjected to the wave shown at Figure 6.8 with crest at the bow and stern,
the buoyant force will be concentrated more at the ends than in the middle, because less of the
middle of the ship isunderwater. The net effect is that the middle gets less support, the ends get
more support, and the ship wants to sag in the middle, hence sagging.
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Wave Trough at Midships

Figure 6.8 - Sagging in Waves

Conversdly, if the wave crest is amidships, then a hogging condition will result. More of the
underwater volume is concentrated amidships, increasing the upward forces there while, the ends
of the ship receive less support. Pushing up more in the middle can give the ship anegative
curvature as shown at Figure 6.9.

The worst case bending moments occur when the length of the ship is nearly equal to the length of
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Wave Peak at Midships

Figure 6.9 - Hogging in Waves

the waves.



6.2.3.4 Quantifying Bending Stress

During the structural analysis of a ship it isimportant that the magnitudes of any bending stresses
being created by sagging and hogging conditions can be quantified. In this analysisit is convenient
to model the ship structure as a box shaped beam, all calculations can then be performed using
simple beam theory.

Figure 6.10 shows the arrangement used to describe the sagging condition. As discussed
previously, sagging creates a compression in the deck and tension in the keel.
Neutral

~ ——— Tension —

Compression —-—

Figure 6.10 - Variation in Bending Stress Across a Sagging Beam

Obvioudly, there must be a transition between tension and compression in a section, thisis
called the neutral axis. The position of the neutral axisis easily found asit is also the geometric
centroid of the cross section.

With the neutral axis found, the actual bending stresses being experienced by the ship
structure are easily quantified by using the elastic flexure formula

My

Bending Stress (0) * I

where M = the bending moment in LT-ft. This can be found from an anaysis of the
overall load diagram such as that at Figure 6.6.

= the second moment of area of the cross section of the structure in ft*. Thisis
measured from the dimensions of the ship structure.

y = theverticd distance from the neutral axis.



Figure 6.10 shows the variation in bending stress being created in the section of a ship at different
distances from the neutral axis. Noticeit isalinear relationship. By convention, compressive
stress is negative and tensile stress is positive.

The bending stressis zero at the neutral axiswherey = 0 ft.
The bending stress is maximum at the deck and keel wherey isat itslargest.

Student Exercise 6.1 In the space below, redraw Figure 6.10 to show a ship structure in a
hogging condition. Beside your drawing, sketch how the bending
stress alters from the keel to the deck.

6.2.3.5 Reducing the Effects of Bending Stress

Clearly, bending stressisamajor cause of concern in establishing a safe ship structure.
Unfortunately, because the ship is designed to go to seawhere it will experience wave action,
there is no method of removing the presence of bending moments. However, an analysis as
described above can alow the areas of the ship that will experience the greatest bending stresses
to be determined.

Typicaly, bending moments are largest at the midship area of a ship. Also, because of the elastic
flexure formula, it is clear that the keel and deck will experience the greatest magnitude of bending
stress. Consequently, it isimportant that these areas have sufficient strength to combat these
stresses. Higher strength steels are common in these regions, and the cross sectional area of
longitudinal structural elements increases the as you move further from the neutral axis.



6.2.3.6 Hull - Superstructure Interaction

Due to its distance from the neutral axis, bending stresses in the superstructures of ships can be
very large. Unfortunately, it is often undesirable to use high strength materials or structural
elements with large cross sections in the superstructure due to the problems this could create with
stability. Consequently, other methods of reducing stress must be found.

One solution is the use of expansion joints. The primary reason for using expansion joints involves
the shear between the deck and the superstructure. If aship is hogging, then the deck is under
tenson. The deck aso makes the bottom of the superstructure curve by pulling it outward, or
placing it in tension. Thisoutward pull, or shear load, between the superstructure and the hull is
aggravated by the sharp corners where the hull and superstructure connect. Asaresult, shipslike
those having Spruance class hulls (DD963 class, CG47 class) and the Oliver Hazard Perry
(FFGY) class experience cracking in these areas. Thisisaso apotential problem for the Arleigh
Burke (DDG51) class destroyers.

Another solution is to break the superstructure up into short sections. However, thisis often
unsatisfactory in terms of space efficiency and ship habitability.

6.2.3.7 Actual Ship Bending Analysis (OPTIONAL)

Ships are designed to withstand stresses caused by being balanced on awave of a particular length
and height. In so-called standard strength calculations, the length of the wave is assumed to be
equa to the length of the ship and the height is assumed to be L/20 ft. Such standard calculations
are performed assuming static conditions. The resulting stresses can therefore only be used as a
basis of comparison between ships of similar types engaged in similar mission under similar
conditions.

The resulting stresses in the ship are based on the maximum longitudinal bending moment derived
from the graphical integration of the load curve. Thisload curve is obtained by plotting the
algebraic difference between the weight and buoyancy at successive points along the length of the
ship similar to that of Figure 6.6. However, instead of using a uniformly distributed buoyant force,
the true buoyant force distribution is determined by an analysis of the change in submerged
sectional area down the length of the ship.
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6.2.4 Hydrostatic Loads

Another major source of loading on a ship is that associated with hydrostatic pressure. Thisforce
can be considerable, especially in submarines and submersibles, and is constantly attempting to
crush the sides of a ship.

Calculation of the load associated with hydrostatic pressureisfairly straightforward as the
pressure at any depth is given by the following.

P P, % figh

6.2.5 Torsonal Loads

Torsional loads are often insignificant, but they can have an effect on ships with large openings in
their weatherdeck. Thisis often desirable on merchant ships such as container vessels where large
deck openings make for efficient space utilization and faster loading/unl oading times.

6.2.6 Weapon Loads

For military ships, another major load can be created by the impact of explosions both in the air,
underwater and directly against a ship structure. Ships must be designed and manufactured with
sufficient strength to resist these forces.

To assess ship survivability after aweapon impact, military shipswill often go through a series of
“shock” trials during their seatrials. Recently, awhole series of shock trials at increasing levels
of intensity were performed on a DDG 53 to assess current design practices and ship building
methods.

6-11



6.3 Ship Structure

A ship structure usually consists of a network of plates and supporting structure.

The supporting structure consists of large members running both longitudinally and transversely
and is often known as the Frame. The ship plating is attached to the frame.

6.3.1 Structural Components

Figure 6.11 repeated from “Introduction to Naval Architecture’ by Gilmer and Johnson shows the
structural components listed below.

Keel

Plating

Frame

Floor

Longitudinal

Stringers

Deck Beams

A large center plane girder running longitudinally along the bottom of the
ship.

Thin pieces closing in the top, bottom, and sides of the structure. Plating
makes a significant contribution to longitudina hull strength, and resists the
hydrostatic pressure |oad.

A transverse member running continuoudly from the keel to the deck.
Resists transverse loads (ie - waves hitting the side of the ship)

Deep frames running from the kedl to the turn of the bilge. Frames may be
attached to floors - the frame would be that part above the turn of the bilge.

Girderswhich run paralléel to the keel aong the bottom of the ship.
Longitudinalsintersect floors at right angles, and provide longitudinal
strength.

Girders running along the sides of the ship. Typicaly smaller than
longitudinals, they aso provide longitudinal strength.

Transverse members of the deck frame.

Deck Girders Longitudina members of the deck frame.
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6.3.2 Framing Systems

The number and size of the different framing elements used in the construction of ashipsframeis
dependant upon a number of different factors. Clearly, it would be possible to make a ship very
strong simply by adding more and more framing elements and increasing the thickness of its
plating. However, this would make the ship increasingly inefficient in terms of space utilization
and eventually cause it to sink when its displacement exceeded its possible buoyant force!

There has to be a compromise between the requirements of strength and the conflicting but equally
important requirements of buoyancy, space utilization and cost. This compromise isto use an
appropriate framing system to combat the types of load a particular ship is likely to encounter.

6.3.2.1 Longitudinal Strength Members

The longitudinal elements such as the keel, longitudinals, stringers and deck girders described in
6.3.1 have a primary role in combating the longitudinal bending stress created by the ship sagging
and hogging. These conditions are maximized when the ship’s length is equal to the wave length of
awave. A typical wave length associated with an ocean wave is about 300 ft, consequently ships
of thislength and greater are likely to experience considerable longitudinal bending. Shorter ships
experience much lower levels of bending because they tend to “terrain follow” awave like a
roller coaster.

Consequently, shipsthat are longer than about 300 ft tend to have a greater number of longitudinal
elements to their structures than transverse elements. Thisis taken to extremesin very long ships
where their structure is almost totally based upon longitudina elements. A ship framed in this
manner is said to be - longitudinally framed.

6.3.2.2 Transverse Strength Members

The transverse elements such as frames and hull plating have a primary role to combat the
hydrostatic load. For ships shorter than 300 ft and those designed to operate at large depths, thisis
the primary load of concern. Hence short ships and submarines have structures consisting of many
frames and fairly thick plating. A ship structured in this manner is said to be - transversely
framed.
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6.3.2.3 Combination Framing System

Modern Naval vesselstypically use a Combination Framing Systemwhich combines the other
two methods in some creative manner. A typical combination framing network might consist of
longitudinals and stringers with shallow web frames. Every third or fourth frame would be a deep
web frame. The purpose of such a system isto optimize the structural arrangement for the
expected loading, while minimizing weight and cost.

6.3.3 Double Bottoms

Double bottoms are just that, two watertight bottoms with avoid space in between. They are
strong and can withstand the upward pressure of the seain addition to the bending stresses.
Double bottoms provide a space for storing fuel oil, fresh water (not potable), and salt water
ballast. The structure can withstand considerabl e bottom damage caused by grounding or
underwater blasts without flooding the ship provided the inner bottom remainsintact. Also, a
double bottom provides a smooth inner bottom. This makesit easier to arrange cargo and
equipment while providing better accessibility for cleaning.

6.3.4 Watertight Bulkheads

The structural element that has not been mentioned so far is the watertight bulkhead. These are
large bulkheads that split the hull of a ship into separate sections. In addition to their stiffening of
the overall ship structure, they have a primary role in reducing the effects of damage on a ship.

Ships are designed so that they can withstand specified levels of damage before water creeps onto
the weather deck. The rules for the damage stability of USN ships were covered in chapter 4. The
careful positioning of these watertight bulkheads allows the ship to fulfill these rules and withstand
certain damage conditions.

To enable watertight bulkheads to fulfill their role and withstand the pressures associated with

flooded compartments, they are stiffened by steel membersin the vertical and horizontal
directions.
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6.4 Modesof Structural Failure

In structural analysis, the word "failure” must be carefully defined. Sometimes it means total
collapse, other times it means that a certain stress level is exceeded athough only dlight permanent
damage occurs. A structure can be designed to withstand great punishment with virtually no
damage, but cost and weight usually makes such adesign unfeasible. The five basic modes of
failure are:

Tensile or compressive yield
Buckling/Instability

Fatigue

Brittle Fracture

Creep

6.4.1 Tenslleor CompressiveYield

“ Sow plastic deformation of a structural component due to an
applied stress greater than yield stress.”

Thefailure criteriafor many structures is that the yield stress shall not be exceeded, and that there
shall be no permanent deformation resulting from aload. To ensure this does not occur, a factor of
safety is applied during the design of aship’s structure so that the largest expected stressis only %2
or a of theyield strength. Because most Naval ships spend almost all of their service lives
sagging, placing the bottom structure in tension, thisis typically a criteria placed on bottom
structure.

6.4.2 Buckling

“ An unstable condition caused by the compression of long slender
columns resulting in substantial dimensional changes and a
sudden loss of stiffness.”

The compressive load at which a structure will buckle is called its buckling or bifurcation load.
There are numerous equations available to calculate this value and by using factors of safety
similar to those mentioned in 6.4.1, it should be possible to design structures that will not buckle.
Unfortunately, many of the compressive loads delivered to a ships structure are very difficult to
estimate. In particular, impact |oads created by rough seas cause problems.

Buckling is likely to occur on cross-stiffened deck panels on a ship due to large compressive
stresses from longitudinal bending. Some Ticonderoga class cruisers have had problems with
deck buckling.

6.4.3 Fatigue Failure
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“The failure of a material from repeated applications of stress,
such asfromvibration.”

Y ou will recall from chapter 5 that fatigue failure can occur even though the Yield Strength of the
material is never exceeded. Figure 6.12 shows a plot of stress vs number of cycles required to
cause failure. Asthe applied stress becomes lower, the number of cycles required increases until
the curve flattens out. Thisflat region implies that applied stresses below a certain level will not
cause failure at any number of cycles.

The Endurance Limit is the stress below which the material will not fail from fatigue. Steel
exhibits the fatigue characteristics described. Aluminum, on the other hand, does not have an
endurance limit. Aluminum structures, like the superstructures in some ships, must be designed to
withstand a reasonable number of cycles over the expected life of the ship.

Endurance Limit

nwoo= "~y

Si
(psi) Aluminum

Cycles N

Figure 6.12 - Fatigue Characteristics

Fatigue failurein areal structureis greatly affected by such things as material composition
(impurities, carbon content, internal defects), surface finish (smooth surfaces are best),
environment (salt water isworse than air, moist air isworse than dry air), geometry (sharp corners
and discontinuities are bad), and workmanship. All these will create stress concentrations. A
stress concentration anywhere in aship’s structure that causes a localized stress to exceed the
materials endurance limit will eventually cause afatigue failure to occur.

The most common consequence of fatigue in shipsis the development and propagation of cracks. If
such cracks are not repaired, they can result in catastrophic failure.

6.4.4 BrittleFracture
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“the brittle nature of a material causing a sudden catastrophic
failure of a structure.”

Aswith Fatigue, the concepts of brittleness and toughness were also discussed in Chapter 5. The
brittle fracture failure mode involves the rapid propagation of a small crack, often deep below the
surface, into alarge crack ultimately leading to fracture. The cracks are usually a consequence of
fatigue. Therisk of brittle fracture occuring depends on the material, temperature, geometry, and
rate of loading.

! Material A material with low toughness is susceptible to brittle fracture.
Low carbon steels are less brittle than high carbon steels. During the construction
of the Seawolf hull, some welds were permitted to cool too rapidly, pinning carbon
atoms in the wrong place within the metal's atomic structure. The resulting defects
made the welds too brittle, and the work had to be scrapped and started over from
the beginning. Poor welding practices were also the cause of the brittle fractures
experienced by liberty ships during the early part of WWII.

Temperature A material operating below its transition temperature is
much more susceptible to brittle fracture because the toughnessis very low. In
1954 the British ship World Concord brittle fractured and split up in the cold Irish
Sea. Another interesting case occurred in Boston in 1919 when a 2,300,000 gallon
molasses container brittle fractured, drowning 12 people and several horses.

Geometry  Cracks having sharp edges are worse than those which are rounded.
A smaller crack is better than abig one. Even the orientation of the crack with
respect to the loading is afactor. One of the quick methods of stopping the
propagation of a crack isto “drill it out”, thereby reducing its edge sharpness.

Rate of Loading Impact loads are more likely to cause brittle fracture than
loads applied gradually and smoothly.

6.45 Creep

“ the slow plastic deformation of a material due to continuously
applied stresses that are below its yield stress.”

Piano wires stretch over time because of creep and that is one reason why pianos have to be tuned
periodically. While some creep occursin aship’s hull structureit is not considered a primary
concern for failure. It is mentioned here for completenessin major modes of failure of mechanical
structures.
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HOMEWORK CHAPTER 6

Section 6.2
Distributed Forces

1 A 80 ft long box shaped barge is experiencing a uniformly distributed buoyant force of
4L T/t

a Calculate the resultant buoyant force.

b. Assuming the barge isin static equilibrium, what is its displacement?

Shear Stress

2. A loaded 120 ft long box shaped barge has the following weight distribution.

O LT/fH
4 LT/f%
c LT/ft c LT/ft
* ! Y + |
BARGE
a Calculate its displacement.

b. Redraw the barge with the uniformly distributed buoyant force that would be
required to place the barge in static equilibrium.

Use your answer to part (b) to draw the load diagram of the barge.

d. What longitudinal bending condition will the barge experience in still water?

Longitudinal Bending Stress

3. On a profile sketch of a ship, show awave which results in sagging and the areas of the
ship in tension and compression.

4, On aprofile sketch of a ship, show awave which resultsin hogging and the areas of the
ship in tension and compression.

5. Sketch a ship section. Draw aneutral axis at about 45% of the depth up from the kedl (or
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45% of the way up starting at the kedl).

a What is the bending stress at the neutral axis? Use the Elastic Flexure Formulato
support your answe.

b. Use your sketch to show the"y" term in the Elastic Flexure Formulawhen you are
interested in the bending stress at the ked.

C. With this neutral axis, will the deck or the kel experience the greatest bending
stress? Support your answer using the Elastic Flexure Formula.

6. Using an appropriate diagram, show why significant shear stresses develop between the
hull and superstructure if expansion joints are not used.

Section 6.3

Framing Systems

7. What is the purpose of the transverse elements of a ship’s framing system? What types of
ship are likely to have more transverse elements than longitudina elements?

8. What is the purpose of the longitudinal elements of a ship’s framing system? What types of
ship are likely to have more longitudina elements than transverse elements?

0. What type of framing system do most Naval ships use? Why?
10. If longitudinal bending moments are the major load on ship structures, explain why the

stringers are usualy smaller than the deck girders or the longitudinals. Use the Elastic
Flexure Formula.

Section 6.4
Structural Failure Modes

11. List four common modes of structural failure on aship.

12. What isfatigue of a material? Name four factors which make a ship more susceptible to
fatigue failure.

13. Describe the effects of material type, temperature, geometry and rate of loading on brittle
fracture.
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